US007446002B2
a2 United States Patent (10) Patent No.: US 7,446,002 B2
Mears et al. 45) Date of Patent: Nov. 4, 2008
>4) METHOD FOR MAKING A >8) Field of Classification Search ....................... None
(
SEMICONDUCTOR DEVICE COMPRISING A See application file for complete search history.
SUPERLATTICE DIELECTRIC INTERFACE (56) References Cited
LAYER
U.S. PATENT DOCUMENTS
(75) Inventors: Robert J. Mears, Wellesley, MA (US);
Marek Hytha, Brookline, MA (US). 4,485,128 A 11/1984 Dalaletal. ................... 427/85
Scott A. Kreps, Southborough, MA
(US); Robert John Stephenson, Newton _
Upper Falls, MA (US); Jean Augustin (Continued)
Chan Sow Fook Yiptong, Worchester, FOREIGN PATENT DOCUMENTS
MA (US); Ilija Dukovski, Newton, MA
(US); Kalipatnam Vivek Rao, Waltham, EP 08435561 5/1998
MA (US); Samed Halilov, Waltham,
MA (US); Xiangyang Huang, Waltham,
MA (US) (Continued)
(73) Assignee: MEARS Technologies, Inc., Waltham, OIHER PUBLICATIONS
MA (US) Luo et al., Chemical Design of Direct-Gap Light-Emitting Silicon,
_ _ _ _ _ published Jul. 25, 2002, The American Physical Society; vol. 89, No.
(*) Notice: Subject to any disclaimer, the term of this 7
patent 1s extended or adjusted under 35
U.S.C. 154(b) by 242 days. (Continued)
(21) Appl No.: 11/136.747 Pﬂmary Examiner—David E GI'ElelH
’ (74) Attorney, Agent, or Firm—Allen, Dyer, Doppelt,
(22) Filed: May 25, 2005 Milbrath & Gilchrist, P.A.
(65) Prior Publication Data (57) ABSTRACT
US 2006/0019454 Al Jan. 26, 2006
A method for making a semiconductor device may include
Related U.S. Application Data forming a superlattice comprising a plurality of stacked
(63) Continuation-in-part of application No. 10/647,060, groups of layers adjacent a substrate. Each group of layers of
filed on Aug. 22, 2003, now Pat. No. 6,958,486, which the superlattice may include a plurality of stacked base semi-
g Continuatiojn-in-pjart of applicatiijn lifo. i0/603 conductor monolayers defining a base semiconductor por-
696. filed on Jun. 26. 2003 now abandoned. and :-zi tion, and at least one non-semiconductor monolayer con-
continuation-in-part of application No. 10/603,621, strained  within - a  crystal lattice of adjacent base
fled on Tun. 26. 2003. now abandoned. semiconductor portions. The method may further include
j j forming a high-K dielectric layer on the electrode layer, and
(51) Int.Cl. forming an electrode layer on the high-K dielectric layer and
HOIL 21/336 (2006.01) opposite the superlattice.
(52) US.CL ...l 438/285; 438/289; 438/287;

438/4778; 438/602

21 Claims, 9 Drawing Sheets




US 7,446,002 B2

Page 2
U.S. PATENT DOCUMENTS 2003/0089899 Al 5/2003 Lieberetal. ..ccoovevneen...... 257/9
2003/0162335 Al 8/2003 Yukietal. .................. 438/151
4,594,603 A 6/1986 Holonyak, Jr. ............... 357/16 2003/0176049 Al* 9/2003 Hedgeetal. ................ 438/591
4,882,609 A 11/1989 Schubertetal. .............. 357/22 2003/0215990 Al  11/2003 Fitzgerald et al. ........... 438/172
4,908,678 A 3/1990  Yamazaki .................... 357/4 2004/0084781 Al 5/2004 Ahnetal. .....co.......... 257/777
4,937,204 A 6/1990 Ishibashi et al. ............ 437/110 2004/0227165 Al  11/2004 Wangetal. ....coc.......... 257/222
4,969,031 A~ 11/1990 Kobayashi et al. ............ 357/63 2004/0238904 Al  12/2004 Colombo etal. ............ 257/410
5,055,887 A 10/1991 Yamazaki .................... 357/4 2006/0019454 A1* 1/2006 Mearsetal. ...oooovve..... 438/289
5,081,513 A 1/1992 Jackson et al. ............. 357/23.7
5216262 A 6/1993 TSU oooeeeeeeeeeeeeeeeeeeennns 257/17 FOREIGN PATENT DOCUMENTS
5357,119 A 10/1994 Wangetal. .....coou........ 257/18
5,577,061 A 11/1996 Hasenbergetal. ............ 372/45 QB _2347520 9/2000
5,594,567 A 1/1997 Akiyamaetal. .............. 349/28 P 61027681 2§1986
5,606,177 A 2/1997 Wallaceetal. ................ 257/25 ‘_-E gté‘jg%g ; /}ggg
5,616,515 A 4/1997 OKUNO eovvvvveeeeereaeennss 438/478 Y . 1087
5627386 A 5/1997 Harvey etal. ............... 257/79 $0 %292/3228 13 frod
5,683,934 A 11/1997 Candelaria .................. 437/134
5684.817 A 11/1997 Houdre et al. ...o.ooo...... 372/45 WO 02/103767 12///2002
5.004.164 A 11/1999 Fonash etal. woooovovn... 43897 WO WO2005013571 2/2005
6,058,127 A 5/2000 Joannopoulos et al. ........ 372/92 OTHER PUBIL ICATIONS
6,255,150 B1  7/2001 Wilketal., ........o....... 438/191
6,274,007 Bl /2001 Smirnov et al. ... 204/19? Tsu, Phernomena in Silicon Nanostructure Devices, University of
6,281,518 Bl 8/2001 SAtO .ovevvveeeeeeeeeaaaaaan, 257/13 North Carolina at Charlotte, Sep. 6, 2000.
6,281,532 Bl 82001 Doyleetal. ................ 257/288 Ye et al.,, Gads MOSFET with Oxide Gate Dielectric Grown Dy
6326311 Bl 12/2001 Uedaetal. ..o 438/694 Atomic Layer Deposition, Agere Systems, Mar. 2003.
6,344,271 Bl  2/2002 Yadavetal. ................ 428/402 Novikov et al., Silicon-based Opftoelectronics, 1999-2003, pp. 1-6.
6,350,993 B1  2/2002 Chuetal. .oooveeeeeeeeeeen... 257/19 Fan et al., N- and P-Type SiGe/Si Superlattice Coolers, the Seven-
6,376,337 Bl 4/2002 Wang et al. ................. 438/478 teenth Intersociety Conference on Thermomechanical Phenomena in
6,436,784 Bl 8/2002 Allam .........cvvvvennn., 438/380 Electronic Systems (ITherm 2000), vol. 1, pp. 304-307, Las Vegas,
6,472,685 B2 10/2002 Takagi .....cccccovvvvevnennn.e. 257/77 NV, May 2000.
6498359 B2  12/2002 Schmidtetal. ............. 257/190 Shah et al., Experimental Analysis and Theoretical Model for Anoma-
6,501,092 B1  12/2002 Nikonov etal. ............... 257/29 lously High Ideality Factors (n>2.0) in AIGaN/GaN P-N Junction
6,521,549 B1  2/2003 Kamathetal. .............. 438/786 Diodes, Journal of Applied Physics, vol. 94, No. 4, Aug. 15, 2003.
6,566,679 B2 5/2003 Nikonov et al. ... 157/20 Ball, Striped Nanowires Shrink Electronics, news(@nature.com, Feb.
6,608.327 Bl 8/2003 Davisetal. ....ccoevvunnnnn... 257/76 7, 2002,
6,621,097 B2  9/2003 Nikonov etal. ............... 257/17 Fiory et al., Light Emission from Silicon: Some Perspectives and
6,638,838 B1  10/2003 Eisenbeiser et al. ......... 4138/481 Applications, Journal of Electronic Matenals, vol. 32, No. 10, 2003.
6,646,293 B2  11/2003 Emricketal. ............... 257/194 Lecture 6. Light Emitting and Detecting Devices, MSE 6001, Semi-
6,673,646 B2  1/2004 Droopad ......ccceeeuen..... 438/85 conductor Materials Lectures, Fall 2004.
6,690,699 B2 2/2004 Capasso etal. ............... 372/44 Harvard University Professor and Nanosys Co-Founder, Charlie
6,711,191 Bl 3/2004 Kozakietal ... 372/473 Lieber, Raises the Stakes in the Development of Nanoscale Superlat-
6,748,002 B2  6/2004 ShveyKin .........cccom...... 372/45  lice Structures and Nanodevices, 2004 Nanosys, Inc.
6,816,530 B2 11/2004 Capasso et al. ............. 372/50 “High'[kaplzia] Gate Dielefﬁic‘fi Cu“‘eﬂ{ S;ams i‘:mg P"iﬂtel‘iﬂls Prop-
¢ erties Considerations”, Wil et al., Journal of Applied Physics, Amerti-
20020004003 AL 72002 Bout etals oo 37246 S0 Insiute of Physis, NY. US, vol. 89, No. 10, May 15. 2001 p:
2003/0034529 Al 2/2003 Fitzgerald et al. ........... 257/369 0243-5275, AP012052062, ISSN: 0021-8579.
2003/0057416 Al 3/2003 Curricetal. .....oovvvvennn.. 257/19 * cited by examiner



U.S. Patent Nov. 4, 2008 Sheet 1 of 9 US 7.446,002 B2

32
22

26

24

20
40 F777 7777724 41
37
0 - ) ————— , 25 31
Lo le e 31
23
27
21

FIG. 1



U.S. Patent Nov. 4, 2008 Sheet 2 of 9 US 7.446,002 B2




US 7,446,002 B2

Sheet 3 of 9

Nov. 4, 2008

U.S. Patent

FIG. 3



U.S. Patent Nov. 4, 2008 Sheet 4 of 9 US 7.446,002 B2




U.S. Patent Nov. 4, 2008 Sheet 5 of 9 US 7.446,002 B2

ENERGY (0.5 eV/div)

_4/1 sugcmmou

4/ 1 Si0 BAND STRU(TURE ABOUT GAMMA POINT

ANIMON -
{HIGH RN

s
. wwﬁi} ORI, . SATRURVEUR USSP S VRTRIUPTIPI, - SN PP - -

N

! 4/ ] Slﬂ

- dagy W oEm ] . E W W F B W W W F



U.S. Patent Nov. 4, 2008 Sheet 6 of 9 US 7.446,002 B2

4/ 15i0 BAND STRU(TURE ABOUT L POINT

£
2
¥
2
2
¥
¥
|
*
%
¥
¥
¥
¥
)
¥
E
¥
5
1
¥
¥
;
L
R, %
— ¥
L
i
= ww4 1$i0 *
\ .
;: 4.._ :
%
a> N SI :
l“ﬁ : ¥
! 5
N #h*ﬂﬂ_--'_--“L#-*#-‘*“'—-'__'-'“-_'_F'_"--—'-'---h_‘-'ﬂ_‘_-“ﬂ—“ﬂﬂﬁﬁ
o ' .
S t i
) 3
:';p— ; $
- ] ¥
fndaed ) $
- } %
o {
' 4
W AR ARE TE AL VR AR AN SR L A e WEe mpy el iy s A NN mish el sl il s e bl smis el Jew shis diph AN N S SR GRS A AR pble S eREENTURNEEE S WRAT PR Sem ww B e sk -ﬂﬂﬁﬂ*--ﬁ--ﬂ“ﬂ-—ﬂ--_-H--h-‘-#h-ﬂﬂ---huh_-h“qu
} %
1 3
} t
3
! 3
) 3
] %
! A
{ ;
' ;
) :
ﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂ Lﬂ“ﬂﬂn-“ﬁﬁﬁ-ﬂﬂ---_nﬂ-’---_ﬂ--_ﬁ----_--- -'--_.:
| i
) .
! S
| %
! 5
i : 5
) 3
' 3
i 3
: :
! ¥
{-(010)

FIG. 5B



U.S. Patent Nov. 4, 2008 Sheet 7 of 9 US 7.446,002 B2

3/1/5/1 Si0 BAND STRUCTURE

_________ . W W e W e v ol ek Whogat ot A e W o gu- Al W AR B AW W ] w——-—---f--—--u'-- L e e ke g W mm I--u....-.--..........-...,. S S e B W e um . - o e v Em
! _',J M
| i r
' ¥
------- - '--—"4"" dnint Wi Rir AAF 4 PR - el — i el ‘el el W L R W R A W R N N S YRR R N Al ke vise b i ----——1
i 1
| ' |
1 1 )
{ ¥ 1 y
{ } L §
} 3 4 ?
' ' 1 ,
1
t ' ) X
' ' ,

A W SN A VR AR WP A —4—#-1-1-'!- TN EEr EE SR TUNE VSN NP W W BN A W BN R MR e me v dee vht = hde Rk

ﬁ-ﬂﬁﬁﬂﬂﬁﬂﬂ““#*ﬂ*ﬂ-

= -.-...uqu-.-‘ﬂb_.‘“_-r_q-——uﬁ-_——--———I—_-#n---u-—--up-._‘-n*-p- 1-...-ﬂ-ﬂ.—.-.r_um‘ﬁ--.#uphﬂihm#hﬂ.rthnhﬂrﬂw*n A WEr AR T SRR JPELVERE SRR W WEY amia R S am w ape we wp apie v el

s mj"‘“""

r.-,.,..,...f"‘"‘

' $ } 3

| 1 3

. Ny g - M e T P G N A e =i i winink- dinlerainii i l sy winile: guinfet- jelel- alnile seiel s gepr- el falolr et Wl ek ook ﬁ““““'ﬂ
- "

" - | 3

' 3

N 3

¥ ) j
§ 1
i 1
- | |
. - ' |
| - ' '
aCaC sl oo nCoEaal=lel = e o b el a(a{ [ ’ mmmw pol - L Ll

G- (001} Z-{100)




U.S. Patent Nov. 4, 2008 Sheet 8 of 9 US 7.446,002 B2

/— 36
37
:::::::::::::::::::/_ 25
21
FIG. 6A
22 23
21

FIG. 6B



U.S. Patent Nov. 4, 2008 Sheet 9 of 9 US 7.446,002 B2

36
40
37
................. | 23
22 : : - 23
— W NN SN N e W S W seb A W e we 'i_ — v s g S --.-.;l ——————————————————
26 ' |
; \ 27
21

FIG. 6C



US 7,446,002 B2

1

METHOD FOR MAKING A
SEMICONDUCTOR DEVICE COMPRISING A
SUPERLATTICE DIELECTRIC INTERFACE
LAYER

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application 1s a continuation-in-part of U.S. patent
application Ser. No. 10/647,060 filed Aug. 22, 2003, now U.S.

Pat. No. 6,958,486 which 1s a continuation-in-part of U.S.
patent applications Ser. No. 10/603,696 now abandoned and
Ser. No. 10/603,621 filed on Jun. 26, 2003, now abandoned
the entire disclosures of which are incorporated by reference
herein.

FIELD OF THE INVENTION

The present 1nvention relates to the field of semiconduc-
tors, and, more particularly, to semiconductors having
enhanced properties based upon energy band engineering and
associated methods.

BACKGROUND OF THE INVENTION

Structures and techniques have been proposed to enhance
the performance of semiconductor devices, such as by
enhancing the mobility of the charge carriers. For example,
U.S. Patent Application No. 2003/0057416 to Currie et al.
discloses strained material layers of silicon, silicon-germa-
nium, and relaxed silicon and also including impurity-free
zones that would otherwise cause performance degradation.
The resulting biaxial strain in the upper silicon layer alters the
carrier mobilities enabling higher speed and/or lower power
devices. Published U.S. Patent Application No. 2003/

0034529 to Fitzgerald et al. discloses a CMOS inverter also
based upon similar strained silicon technology.

U.S. Pat. No. 6,472,685 B2 to Takagi discloses a semicon-
ductor device including a silicon and carbon layer sand-
wiched between silicon layers so that the conduction band
and valence band of the second silicon layer receive a tensile
strain. Flectrons having a smaller effective mass, and which
have been induced by an electric field applied to the gate
clectrode, are confined in the second silicon layer, thus, an
n-channel MOSFFET is asserted to have a higher mobility.

U.S. Pat. No. 4,937,204 to Ishibashi et al. discloses a super-
lattice in which a plurality of layers, less than eight monolay-
ers, and containing a fraction or a binary compound semicon-
ductor layers, are alternately and epitaxially grown. The
direction of main current tlow 1s perpendicular to the layers of
the superlattice.

U.S. Pat. No. 5,357,119 to Wang et al. discloses a S1—Ge

short period superlattice with higher mobility achieved by

reducing alloy scattering 1n the superlattice. Along these
lines, U.S. Pat. No. 5,683,934 to Candelaria discloses an

enhanced mobility MOSFET including a channel layer com-
prising an alloy of silicon and a second material substitution-

ally present in the silicon lattice at a percentage that places the
channel layer under tensile stress.

U.S. Pat. No. 35,216,262 to Tsu discloses a quantum well

structure comprising two barrier regions and a thin epitaxially
grown semiconductor layer sandwiched between the barriers.

Each barrier region consists of alternate layers of $10,/51

with a thickness generally 1n arange ol two to six monolayers.
A much thicker section of silicon 1s sandwiched between the

barriers.
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An article entitled “Phenomena in silicon nanostructure
devices™ also to Tsu and published online Sep. 6, 2000 by
Applied Physics and Materials Science & Processing, pp.
391-402 discloses a semiconductor-atomic superlattice
(SAS) of silicon and oxygen. The S1/0 superlattice 1s dis-
closed as useful 1n a silicon quantum and light-emitting
devices. In particular, a green electromuminescence diode
structure was constructed and tested. Current flow 1n the
diode structure 1s vertical, that 1s, perpendicular to the layers
of the SAS. The disclosed SAS may 1nclude semiconductor
layers separated by adsorbed species such as oxygen atoms,
and CO molecules. The silicon growth beyond the adsorbed
monolayer of oxygen 1s described as epitaxial with a fairly
low defect density. One SAS structure included a 1.1 nm thick
s1licon portion that 1s about eight atomic layers of silicon, and
another structure had twice this thickness of silicon. An
article to Luo et al. entitled “Chemaical Design of Direct-Gap
Light-Emitting Silicon™ published 1in Physical Review Let-
ters, Vol. 89, No. 7 (Aug. 12, 2002) further discusses the light

emitting SAS structures of Tsu.
Published International Application WO 02/103,767 A1l to

Wang, Tsu and Lofgren, discloses a barrier building block of
thin silicon and oxygen, carbon, nitrogen, phosphorous, anti-
mony, arsenic or hydrogen to thereby reduce current tlowing
vertically through the lattice more than four orders of mag-
nitude. The msulating layer/barnier layer allows for low
defect epitaxial silicon to be deposited next to the isulating
layer.

Published Great Britain Patent Application 2,347,520 to
Mears et al. discloses that principles of Aperiodic Photonic
Band-Gap (APBG) structures may be adapted for electronic
bandgap engineering. In particular, the application discloses
that material parameters, for example, the location of band
minima, effective mass, etc, can be tailored to yield new
aperiodic materials with desirable band-structure character-
istics. Other parameters, such as electrical conductivity, ther-
mal conductivity and dielectric permittivity or magnetic per-
meability are disclosed as also possible to be designed into the
material.

Despite considerable etforts at materials engineering to
increase the mobility of charge carriers 1n semiconductor
devices, there 1s still aneed for greater improvements. Greater
mobility may increase device speed and/or reduce device
power consumption. With greater mobility, device perior-
mance can also be maintained despite the continued shiit to
smaller device features. Moreover, there 1s a need for struc-
tures which provide enhanced mobility adjacent dielectric
layer interfaces, particularly 1n applications where high-K
dielectrics are used.

SUMMARY OF THE INVENTION

In view of the foregoing background, 1t 1s therefore an
object of the present invention to provide a method for mak-
ing a semiconductor device including a superlattice which
provides a dielectric interface for reducing scattering, for
example.

This and other objects, features, and advantages 1n accor-
dance with the present invention are provided by a method for
making a semiconductor device which may include forming a
superlattice comprising a plurality of stacked groups of layers
adjacent a substrate. In particular, each group of layers of the
superlattice may 1nclude a plurality of stacked base semicon-
ductor monolayers defining a base semiconductor portion,
and at least one non-semiconductor monolayer constrained
within a crystal lattice of adjacent base semiconductor por-
tions. The method may further include forming a high-K
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dielectric layer on the electrode layer, and forming an elec-
trode layer on the high-K dielectric layer and opposite the
superlattice.

The superlattice advantageously acts as an interface for the
high-K dielectric layer which provides reduced scattering,
and, thus, enhanced mobility with respect to prior art insula-
tion layers such as silicon oxides. Moreover, use of the super-
lattice as an insulator may result in smaller overall thick-
nesses, and thus improved device capacitance.

In accordance with one aspect of the invention, the high-K

dielectric layer may have a dielectric constant of greater than
about five and, more particularly, greater than about ten or
twenty, for example. Moreover, the at least one non-semicon-
ductor monolayer constrained within the crystal lattice of
adjacent base semiconductor portions may be less than about
five monolayers to thereby function as an energy band-modi-
tying layer. By way of example, the high-K dielectric layer
may 1nclude at least one of silicon oxide, zirconium oxide,
and hatnium oxide.

The method may further include forming a channel region
underlying the superlattice, as well as forming source and
drain regions adjacent the channel region. By way of
example, the base semiconductor may comprise silicon, and
the at least one non-semiconductor monolayer may comprise
oxygen. More specifically, the at least one non-semiconduc-
tor monolayer may comprise a non-semiconductor selected
from the group consisting of oxygen, nitrogen, fluorine, and
carbon-oxygen.

The at least one non-semiconductor monolayer may be a
single monolayer thick, and each base semiconductor portion
may be less than eight monolayers thick, for example. Fur-
thermore, 1n some embodiments all of the base semiconduc-
tor portions are a same number of monolayers thick. In other
embodiments, at least some of the base semiconductor por-
tions may be a different number of monolayers thick. More-
over, opposing base semiconductor monolayers in adjacent
groups of layers of the superlattice may be chemically bound
together.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s schematic cross-sectional diagram of a semicon-
ductor device 1n accordance with the present invention
including a superlattice.

FI1G. 2 1s a greatly enlarged schematic cross-sectional view
of the superlattice as shown 1n FIG. 1.

FIG. 3 1s a perspective schematic atomic diagram of a
portion of the superlattice shown 1n FIG. 1.

FI1G. 4 1s a greatly enlarged schematic cross-sectional view
ol another embodiment of a superlattice that may be used 1n

the device of FIG. 1.

FIG. 5A 1s a graph of the calculated band structure from the
gamma point (G) for both bulk silicon as 1n the prior art, and
for the 4/1 S1/0 superlattice as shown 1n FIGS. 1-3.

FIG. 3B 1s a graph of the calculated band structure from the
Z. point for both bulk silicon as in the prior art, and for the 4/1
S1/0 superlattice as shown in FIGS. 1-3.

FIG. 5C 1s a graph of the calculated band structure from
both the gamma and Z points for both bulk silicon as 1n the
prior art, and for the 5/1/3/1 S1/0 superlattice as shown 1n

FIG. 4.

FIGS. 6 A-6C are a series of schematic cross-sectional dia-
grams 1llustrating a method for making the semiconductor

device of FIG. 1.
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4
DETAILED DESCRIPTION OF THE PREFERRED
EMBODIMENTS

The present invention will now be described more fully
hereinafter with reference to the accompanying drawings, in
which preferred embodiments of the invention are shown.
This invention may, however, be embodied in many different
forms and should not be construed as limited to the embodi-
ments set forth herein. Rather, these embodiments are pro-
vided so that this disclosure will be thorough and complete,
and will fully convey the scope of the mvention to those
skilled 1n the art. Like numbers refer to like elements through-
out, and prime notation 1s used to indicate similar elements 1n
alternate embodiments.

The present invention relates to controlling the properties
ol semiconductor materials at the atomic or molecular level to
achieve 1mproved performance within semiconductor
devices. Further, the invention relates to the identification,
creation, and use of improved materials for use 1n the con-
duction paths of semiconductor devices.

Applicants theorize, without wishing to be bound thereto,
that certain superlattices as described herein reduce the effec-
tive mass of charge carriers and that this thereby leads to
higher charge carrier mobility. Effective mass 1s described
with various definitions 1n the literature. As a measure of the
improvement 1n effective mass Applicants use a “conductiv-
ity reciprocal effective mass tensor”, M_~" and M, ™" for elec-
trons and holes respectively, defined as:

df(Ek,n), Ep, T
f(( H) F )ﬁﬂ?’k
or

>, | VBt my T E ),
FEpJBZ

Z jj‘BZf(E(k'" H), EF,. T)fﬂ?)k
ExEgp 777

M.} (Er,T)=

for electrons and:

My (Ep, T) =

df(Ek,n), Ep, T
f(( H) F )fﬁﬁk
OF

Y f (Vi Etk, m);(Vi Elk, n),
E{:EF B.7Z.

> Jp, (1= f(Ek,n), Ep, T)dk
E<kEgp 7

for holes, where 1 1s the Fermi-Dirac distribution, E~ 1s the
Fermi energy, T 1s the temperature, E(k, n) 1s the energy of an
electron 1n the state corresponding to wave vector k and the
n energy band, the indices 1 and j refer to Cartesian coordi-
nates X, vy and z, the integrals are taken over the Brillouin zone
(B.Z.), and the summations are taken over bands with ener-
gies above and below the Fermi1 energy for electrons and holes
respectively.

Applicants’ definition of the conductivity reciprocal etiec-
tive mass tensor 1s such that a tensorial component of the
conductivity of the material 1s greater for greater values of the
corresponding component of the conductivity reciprocal
cifective mass tensor. Again Applicants theorize without
wishing to be bound thereto that the superlattices described
herein set the values of the conductivity reciprocal effective
mass tensor so as to enhance the conductive properties of the
material, such as typically for a preferred direction of charge
carrier transport. The mverse of the appropriate tensor ele-
ment 1s referred to as the conductivity effective mass. In other

words, to characterize semiconductor material structures, the
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conductivity effective mass for electrons/holes as described
above and calculated 1n the direction of intended carrier trans-
port 1s used to distinguish improved materials.

Using the above-described measures, one can select mate-
rials having improved band structures for specific purposes.
One such example would be a superlattice 25 material as a
dielectric interface layer 1n a semiconductor device. A planar
MOSFET 20 including the superlattice 25 in accordance with
the invention 1s first described with reference to FIG. 1. One
skilled 1n the art, however, will appreciate that the matenals
identified herein could be used in many different types of
semiconductor devices, such as discrete devices and/or inte-
grated circuits. By way of example, another application 1n
which the superlattice 25 may be used as a dielectric interface
layers 1s FINFETSs.

In particular, as the trend toward ever-smaller FE'T devices
continues, the use of high-K gate dielectric materials
becomes more attractive. This 1s because traditional gate
dielectric maternials such as silicon dioxide (S10,) tend to
cause leakage 1 they are overly thinned 1n an attempt to
reduce device size. Yet, placing a high-K material directly in
contact with the device channel may lead to other problems,
such as “bleeding” of the high-K material into the channel. As
a result, in most applications where high-K gate dielectrics
are used, an iterfacial S10, layer 1s deposited between the
channel region and the high-K material. However, this poten-
tially offsets the size reduction achieved by using the thin
high-K material to some extent, and may also reduce device

capacitance. Moreover, undesirable scattering may occur at
the S10,/high-K 1nterface.

The illustrated MOSFET 20 includes a substrate 21, lightly
doped source/drain extension regions 22, 23, more heavily
doped source/drain regions 26, 27, and a channel region 24
therebetween. The superlattice 25 overlies the channel region
24 and 1s 1n contact therewith. A gate dielectric layer 37
(which 1s shown with stippling for clarity of illustration 1n
FIG. 1) 1s on the superlattice 25, and a gate electrode layer 36
1s on the gate dielectric layer and opposite the superlattice.
Sidewall spacers 40, 41 are also provided in the illustrated
MOSFET 20, as well as silicide layers 30, 31, and 34 on the
lightly doped source and drain regions 22, 23 and the gate
clectrode layer 36, respectively.

The superlattice 25 advantageously acts as an interface for
the gate dielectric layer 37 which provides reduced scattering
and, thus, enhanced mobility with respect to prior art insula-
tion layers such as silicon oxides used with high-K dielec-
trics. Moreover, use of the superlattice 25 as an 1nsulator for
applications using high-K dielectrics may result 1n smaller
overall thicknesses, and thus improved device capacitance.
This 1s because the superlattice 25 may be formed 1n rela-
tively small thicknesses yet still provide desired insulating,
properties, as will be discussed further below.

The gate dielectric layer 37 preferably comprises a high-K
dielectric having a dielectric constant of greater than about
five and, more preferably, greater than about ten or twenty. By
way of example, the gate dielectric layer may comprise one or
more of BaSrTi0, (k=300), Ta,O. (k=26), ZrO, (k=25),
H1O (k=24.5), Al,O; (k=9), and S1;N, (k=7), although other
suitable high-K dielectric materials may also be used.

Applicants have i1dentified improved maternals or struc-
tures for the superlattice 25 of the MOSFET 20. More spe-
cifically, the Applicants have identified materials or structures
having energy band structures for which the appropriate con-
ductivity effective masses for electrons and/or holes are sub-
stantially less than the corresponding values for silicon.

Referring now additionally to FIGS. 2 and 3, the materials
or structures are 1n the form of a superlattice 25 whose struc-
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ture 1s controlled at the atomic or molecular level and may be
formed using known techniques of atomic or molecular layer
deposition. The superlattice 25 includes a plurality of layer
groups 45a-43r arranged 1n stacked relation, as perhaps best
understood with specific reference to the schematic cross-
sectional view of FIG. 2.

Each group of layers 45a-45n of the superlattice 25 1llus-
tratively includes a plurality of stacked base semiconductor
monolayers 46 defining a respective base semiconductor por-
tion 46a-46» and an energy band-modifying layer 50 thereon.
The energy band-moditying layers 50 are indicated by stip-
pling in FIG. 2 for clarity of illustration.

The energy-band modifying layer 50 illustratively includes
one non-semiconductor monolayer constrained within a crys-
tal lattice of adjacent base semiconductor portions. That 1s,
opposing base semiconductor monolayers 46 1n adjacent
groups of layers 45a-45n are chemically bound together. For
example, 1n the case of silicon monolayers 46, some of the
s1licon atoms 1n the upper or top semiconductor monolayer of
the group of monolayers 46a will be covalently bonded with
silicon atoms 1n the lower or bottom monolayer of the group
46b. This allows the crystal lattice to continue through the
groups ol layers despite the presence of the non-semiconduc-
tor monolayer(s) (e.g., oxygen monolayer(s)). Of course,
there will not be a complete or pure covalent bond between
the opposing silicon layers 46 of adjacent groups 45a-45n as
some of the silicon atoms in each of these layers will be
bonded to non-semiconductor atoms (1.e., oxygen in the
present example), as will be appreciated by those skilled 1n
the art.

In other embodiments, more than one non-semiconductor
layer monolayer may be possible. By way of example, the
number of non-semiconductor monolayers 1n the energy
band-modifying layer 50 may preferably be less than about
five monolayers to thereby provide the desired energy band-
modilying properties.

It should be noted that reference herein to a non-semicon-
ductor or semiconductor monolayer means that the material
used for the monolayer would be a non-semiconductor or
semiconductor 1f formed 1n bulk. That 1s, a single monolayer
of a material, such as semiconductor, may not necessarily
exhibit the same properties that 1t would 1f formed 1n bulk or
in a relatively thick layer, as will be appreciated by those
skilled 1n the art.

Applicants theorize without wishing to be bound thereto
that energy band-moditying layers 30 and adjacent base
semiconductor portions 46a-46n cause the superlattice 25 to
have a lower appropriate conductivity effective mass for the
charge carriers 1n the parallel layer direction than would
otherwise be present. Considered another way, this parallel
direction 1s orthogonal to the stacking direction. The band
moditying layers 30 may also cause the superlattice 23 to
have a common energy band structure, while also advanta-
geously functioning as an isulator between layers or regions
vertically above and below the superlattice.

Moreover, this structure may also advantageously act as a
barrier to dopant and/or material bleed between layers verti-
cally above and below the superlattice 25. These properties
may thus advantageously allow the superlattice 25 to provide
an interface for high-K dielectrics which not only reduces
bleeding of the high-K material into the channel region, but
which may also advantageously reduce unwanted scattering
elfects and improve device mobility, as will be appreciated by
those skilled in the art.

It 1s also theorized that a semiconductor device, such as the
illustrated MOSFET 20, will enjoy a higher charge carrier
mobility based upon the lower conductivity effective mass
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than would otherwise be present. In some embodiments, and
as a result of the band engineering achieved by the present
invention, the superlattice 25 may further have a substantially
direct energy bandgap that may be particularly advantageous
for opto-electronic devices, for example, as described 1n fur-
ther detail below. Of course, all of the above-described prop-
erties of the superlattice 25 need not be utilized 1n every
application. For example, in some applications the superlat-
tice 25 may only be used for its dopant blocking/insulation
properties or 1ts enhanced mobility, or it may be used for both

in other applications, as will be appreciated by those skilled 1n
the art.

Moreover, because of the above-described lower appropri-
ate conductivity effective mass for the charge carriers in the
parallel layer direction, 1n some embodiments the superlattice
235 may also advantageously be used to provide the channel
region 24. That 1s, the 1illustrated superlattice 25 may be
formed of a suflicient thickness so that lower groups of layers
45 may be used as the channel, while upper groups of layers
may provide the high-K dielectric interface. Alternately,
respective superlattice layers may be formed for these pur-
poses. Further details on using such a superlattice as a channel
in a semiconductor device are provided i U.S. application
Ser. No. 10/647,069, which 1s assigned to the present
Assignee and 1s hereby incorporated 1n 1ts entirety by refer-
ence, for example.

In such embodiments where the channel 24 comprises a
superlattice 1 accordance with the invention, the source/
drain regions 22, 23 and gate 35 of the MOSFET 20 may be
considered as regions for causing the transport of charge
carriers through the superlattice 1n a parallel direction relative
to the layers of the stacked groups 45a-45n. Other such
regions are also contemplated by the present invention.

The superlattice 25 also illustratively includes a cap layer
52 on an upper layer group 45n. The cap layer 52 may com-
prise a plurality of base semiconductor monolayers 46. The
cap layer 52 may have between 2 to 100 monolayers of the
base semiconductor, and, more preferably between 10 to 50
monolayers.

Each base semiconductor portion 46a-46» may comprise a

base semiconductor selected from the group consisting of

Group IV semiconductors, Group III-V semiconductors, and
Group 1I-VI semiconductors. Of course, the term Group IV
semiconductors also includes Group IV-1V semiconductors,
as will be appreciated by those skilled in the art. More par-

ticularly, the base semiconductor may comprise at least one of

silicon and germanium, for example.
Each energy band-modifying layer 50 may comprise a

10

15

20

25

30

35

40

45

non-semiconductor selected from the group consisting of s,

oxygen, nitrogen, fluorine, and carbon-oxygen, for example.
The non-semiconductor 1s also. desirably thermally stable
through deposition of a next layer to thereby facilitate manu-
facturing. In other embodiments, the non-semiconductor may
be another 1norganic or organic element or compound that 1s
compatible with the given semiconductor processing as will
be appreciated by those skilled 1n the art.

It should be noted that the term “monolayer” 1s meant to
include a single atomic layer and also a single molecular
layer. It 1s also noted that the energy band-moditying layer 50
provided by a single monolayer 1s also meant to include a
monolayer wherein not all of the possible sites are occupied.
For example, with particular reference to the atomic diagram
of FIG. 3, a 4/1 repeating structure 1s 1llustrated for silicon as
the base semiconductor material, and oxygen as the energy
band-modifying material. Only half of the possible sites for
oxygen are occupied.
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In other embodiments and/or with different materials this
one half occupation would not necessarily be the case as will
be appreciated by those skilled in the art. Indeed 1t can be seen
even 1n this schematic diagram, that individual atoms of oxy-
gen 1n a given monolayer are not precisely aligned along a flat
plane as will also be appreciated by those of skill in the art of
atomic deposition. By way of example, a preferred occupa-
tion range 1s from about one-eighth to one-half of the possible
oxygen sites being full, although other numbers may be used
in certain embodiments.

Silicon and oxygen are currently widely used 1n conven-
tional semiconductor processing, and, hence, manufacturers
will be readily able to use these materials as described herein.
Atomic or monolayer deposition 1s also now widely used.
Accordingly, semiconductor devices incorporating the super-
lattice 25 1n accordance with the invention may be readily
adopted and implemented, as will be appreciated by those
skilled 1n the art.

It 1s theorized without Applicants wishing to be bound
thereto, that for a superlattice, such as the S1/0 superlattice,
for example, that the number of silicon monolayers should
desirably be seven or less so that the energy band of the
superlattice 1s common or relatively umiform throughout to
achieve the desired advantages. The 4/1 repeating structure
shown 1n FIGS. 2 and 3, for S1/0 has been modeled to indicate
an enhanced mobility for electrons and holes 1n the X direc-
tion. For example, the calculated conductivity effective mass
tfor electrons (1sotropic for bulk silicon) 1s 0.26 and for the 4/1
S10 superlattice in the X direction 1t 1s 0.12 resulting 1n a ratio
of 0.46. Similarly, the calculation for holes yields values of
0.36 for bulk silicon and 0.16 for the 4/1 S1/0 superlattice
resulting in a ratio of 0.44.

While such a directionally preferential feature may be
desired in certain semiconductor devices, other devices may
benellt from a more uniform increase 1 mobility 1n any
direction parallel to the groups of layers. It may also be
beneficial to have an increased mobaility for both electrons and
holes, or just one of these types of charge carriers as will be
appreciated by those skilled in the art.

The lower conductivity effective mass for the 4/1 S1/0
embodiment of the superlattice 25 may be less than two-thirds
the conductivity effective mass than would otherwise occur,
and this applies for both electrons and holes. Of course, the
superlattice 25 may further comprise at least one type of
conductivity dopant therein, as will also be appreciated by
those skilled 1n the art. It may be especially appropriate to
dope some portion of the superlattice 25 11 the superlattice 1s
to provide a portion of the channel, for example.

Referring now additionally to FIG. 4, another embodiment
ol a superlattice 25' 1n accordance with the invention having
different properties 1s now described. In this embodiment, a
repeating pattern of 3/1/5/1 1s illustrated. More particularly,
the lowest base semiconductor portion 46a4' has three mono-
layers, and the second lowest base semiconductor portion
465' has five monolayers. This pattern repeats throughout the
superlattice 25'. The energy band-modifying layers 50" may
cach include a single monolayer. For such a superlattice 25
including S1/0, the enhancement of charge carrier mobility 1s
independent of orientation in the plane of the layers. Those
other elements of FIG. 4 not specifically mentioned are simi-
lar to those discussed above with reference to FIG. 2 and need
no further discussion herein.

In some device embodiments, all of the base semiconduc-
tor portions 46a-46n ol a superlattice 25 may be a same
number of monolayers thick. In other embodiments, at least
some of the base semiconductor portions 46a-46» may be a
different number of monolayers thick. In still other embodi-
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ments, all of the base semiconductor portions 46a-46» may be
a different number of monolayers thick.

In FIGS. 5A-5C band structures calculated using Density
Functional Theory (DFT) are presented. It 1s well known 1n
the art that DFT underestimates the absolute value of the
bandgap. Hence all bands above the gap may be shufted by an
appropriate “scissors correction.” However the shape of the
band 1s known to be much more reliable. The vertical energy
axes should be interpreted 1n this light.

FIG. 5A shows the calculated band structure from the
gamma point () for both bulk silicon (represented by con-
tinuous lines) and for the 4/1 S1/0 superlattice 25 as shown in
FIGS. 1-3 (represented by dotted lines). The directions refer
to the unit cell of the 4/1 S1/0 structure and not to the con-
ventional unit cell of S1, although the (001) direction in the
figure does correspond to the (001) direction of the conven-
tional unit cell of S1, and, hence, shows the expected location
of the S1 conduction band mimmum. The (100) and (010)
directions 1n the figure correspond to the (110) and (-110)
directions of the conventional S1unit cell. Those skilled 1n the
art will appreciate that the bands of S1 on the figure are folded
to represent them on the appropriate reciprocal lattice direc-
tions for the 4/1 S1/0 structure.

It can be seen that the conduction band minimum for the
4/1 S1/0 structure 1s located at the gamma point 1n contrast to
bulk silicon (S1), whereas the valence band minimum occurs
at the edge of the Brillouin zone 1n the (001) direction which
we refer to as the Z point. One may also note the greater
curvature of the conduction band minimum for the 4/1 S1/0
structure compared to the curvature of the conduction band
mimmum for S1 owing to the band splitting due to the pertur-
bation introduced by the additional oxygen layer.

FIG. 5B shows the calculated band structure from the Z
point for both bulk silicon (continuous lines) and for the 4/1
S1/0 superlattice 25 (dotted lines). This figure illustrates the
enhanced curvature of the valence band in the (100) direction.

FI1G. 5C shows the calculated band structure from both the
gamma and 7 point for both bulk silicon (continuous lines)
and for the 5/1/3/1 S1/0 structure of the superlattice 25' of
FIG. 4 (dotted lines). Due to the symmetry of the 5/1/3/1 S1/0
structure, the calculated band structures in the (100) and (010)
directions are equivalent. Thus the conductivity effective
mass and mobility are expected to be 1sotropic in the plane
parallel to the layers, 1.e. perpendicular to the (001) stacking
direction. Note that in the 5/1/3/1 S1/0 example the conduc-
tion band minimum and the valence band maximum are both
at or close to the Z point.

Although increased curvature 1s an indication of reduced
clfective mass, the appropriate comparison and discrimina-
tion may be made via the conductivity reciprocal effective
mass tensor calculation. This leads Applicants to further theo-
rize that the 5/1/3/1 superlattice 25' should be substantially
direct bandgap. As will be understood by those skilled 1n the
art, the appropriate matrix element for optical transition 1s
another indicator of the distinction between direct and 1ndi-
rect bandgap behavior.

Referring now additionally to FIGS. 6 A-6E, a method for
making the MOSFET 20 will now be described. The method
begins with providing the silicon substrate 21. By way of
example, the substrate may be an eight-inch water 21 of
lightly doped P-type or N-type single crystal silicon with
<100> ornentation, although other suitable substrates may
also be used. In accordance with the present example, a layer
of the superlattice 25 material 1s then formed across the upper
surface of the substrate 21.

More particularly, the superlattice 25 material 1s deposited
across the surface of the substrate 21 using atomic layer
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deposition and the epitaxial silicon cap layer 52 1s formed, as
discussed previously above, and the surface 1s planarized. It
should be noted that 1n some embodiments the superlattice 25
material may be selectively deposited 1n desired areas, rather
than across the entire substrate 21, as will be appreciated by
those skilled 1n the art. Moreover, planarization may not be
required 1n all embodiments.

The epitaxial silicon cap layer 52 may have a preferred
thickness to prevent superlattice consumption during gate
oxide growth, or any other subsequent oxidations, while at the
same time reducing or minimizing the thickness of the silicon
cap layer to reduce any parallel path of conduction with the
superlattice. According to the well-known relationship of
consuming approximately 45% of the underlying silicon for a
given oxide grown, the silicon cap layer may be greater than
45% of the grown gate oxide thickness plus a small incre-
mental amount to account for manufacturing tolerances
known to those skilled in the art. For the present example, and

assuming growth of a 25 angstrom gate, one may use approxi-
mately 13-15 angstroms of silicon cap thickness.

Once formation of the superlattice 25 1s completed, the
gate dielectric layer 37 and the gate electrode layer 36 are
formed. More particularly, the high-K material 1s deposited,
and steps of poly deposition, patterning, and etching are per-
formed to provide the gate stack illustrated 1n FIG. 6 A. Poly
deposition refers to low-pressure chemical vapor deposition
(LPCVD) of silicon onto an oxide (hence 1t forms a polycrys-
talline material). The step includes doping with P+ or As—to
make 1t conducting, and the layer may be around 250 nm
thick, for example.

In addition, the pattern step may include performing a
spinning photoresist, baking, exposure to light (1.e., a photo-
lithography step), and developing the resist. Usually, the pat-
tern 1s then transierred to another layer (oxide or nitride)
which acts as an etch mask during the etch step. The etch step
typically 1s a plasma etch (anisotropic, dry etch) that 1s mate-
rial selective (e.g., etches silicon ten times faster than oxide)
and transiers the lithography pattern into the material of inter-
est.

The superlattice 25 material may be etched using known
semiconductor processing techniques. However, 1t should be
noted that with the non-semiconductor present 1n the super-
lattice 25, e.g., oxygen, the superlattice may be more easily
etched using an etchant formulated for oxides rather than
s1licon. Of course, the approprate etch for a given implemen-
tation will vary based upon the structure and materials used
for the superlattice 25 and substrate 21, as will be appreciated
by those of skill 1n the art.

In FIG. 6B, the lightly doped source and drain (“LDD”)
extensions 22, 23 are formed. These regions are formed using
n-type or p-type LDD implantation, annealing, and cleaning.
An anneal step may be used after the LDD implantation, but
depending on the specific process, 1t may be omitted. The
clean step 1s a chemical etch to remove metals and organics
prior to depositing an oxide layer.

FIG. 6C shows the formation of the sidewall spacers 40, 41
and the source and drain 26, 27 implants. An S10, mask may
be deposited and etched back for this purpose. N-type or
p-type 1on 1mplantation 1s used to form the source and drain
regions 26, 27, depending upon the given implementation.
The structure 1s then annealed and cleaned. Self-aligned sili-
cide formation may then be performed to form the silicide
layers 30, 31, and 34, and the source/drain contacts 32, 33, are
formed to provide the final semiconductor device 20 1llus-
trated i FIG. 1. The silicide formation 1s also known as
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salicidation. The salicidation process includes metal deposi-
tion (e.g., T1), nitrogen annealing, metal etching, and a second
annealing.
The foregoing 1s, of course, but one example of a process
and device in which the present invention may be used, and
those of skill in the art will understand 1ts application and use
in many other processes and devices. In other processes and
devices the structures of the present invention may be formed
on a portion of a waler or across substantially all of a water.
Additionally, the use of an atomic layer deposition tool may
also not be needed for forming the superlattice 25 1n some
embodiments. For example, the monolayers may be formed
using a CVD tool with process conditions compatible with
control of monolayers, as will be appreciated by those skilled
in the art. Further details regarding fabrication of semicon-
ductor devices 1n accordance with the present invention may
be found 1n the above-noted U.S. application Ser. No. 10/467,
069, for example.
Many modifications and other embodiments of the mven-
tion will come to the mind of one skilled 1n the art having the
benelit of the teachings presented 1n the foregoing descrip-
tions and the associated drawings. Therefore, 1t 1s understood
that the 1nvention 1s not to be limited to the specific embodi-
ments disclosed, and that modifications and embodiments are
intended to be included within the scope of the appended
claims.
That which 1s claimed 1s:
1. A method for making a semiconductor device compris-
ng:
forming a superlattice comprising a plurality of stacked
groups of layers adjacent a semiconductor substrate;

cach group of layers of the superlattice comprising a plu-
rality of stacked base semiconductor monolayers defin-
ing a base semiconductor portion and at least one non-
semiconductor monolayer constrained within a crystal
lattice of adjacent base semiconductor portions, and at
least some semiconductor atoms from opposing base
semiconductor portions being chemically bound
together with the chemical bonds traversing the at least
one non-semiconductor monolayer therebetween:;

forming a high-K dielectric layer adjacent the superlattice;
and

forming an electrode layer adjacent the high-K dielectric

layer and opposite the superlattice.

2. The method of claim 1 wherein the high-K dielectric
layer has a dielectric constant of greater than about five.

3. The method of claim 1 wherein the high-K dielectric
layer has a dielectric constant of greater than about ten.

4. The method of claim 1 wherein the high-K dielectric
layer has a dielectric constant of greater than about twenty.

5. The method of claim 1 wherein the at least one non-
semiconductor monolayer constrained within the crystal lat-
tice of adjacent base semiconductor portions 1s less than
about five monolayers to thereby function as an energy band-
modifying layer.

6. The method of claim 1 further comprising forming a
channel region underlying the superlattice.
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7. The method of claim 6 further comprising forming
source and drain regions adjacent the channel region.
8. The method of claim 1 wherein the high-K dielectric
layer comprises at least one of silicon oxide, zirconium oxide,
and hatnium oxide.
9. The method of claim 1 wherein the base semiconductor
comprises silicon.
10. The method of claim 1 wherein the at least one non-
semiconductor monolayer comprises oxygen.
11. The method of claim 1 wherein the at least one non-
semiconductor monolayer comprises a non-semiconductor
selected from the group consisting essentially of oxygen,
nitrogen, fluorine, and carbon-oxygen.
12. The method of claim 1 wherein the at least one non-
semiconductor monolayer 1s a single monolayer thick.
13. The method of claim 1 wherein each base semiconduc-
tor portion 1s less than eight monolayers thick.
14. The method of claim 1 wherein all of the base semi-
conductor portions are a same number ol monolayers thick.
15. The method of claim 1 wherein opposing base semi-
conductor monolayers in adjacent groups of layers of the
superlattice are chemically bound together.
16. A method for making a semiconductor device compris-
ng:
forming a superlattice comprising a plurality of stacked
groups of layers adjacent a semiconductor substrate;

cach group of layers of the superlattice comprising a plu-
rality of stacked base silicon monolayers defining a base
silicon portion and an energy band-modilying layer
comprising at least one oxygen monolayer constrained
within a crystal lattice of adjacent base silicon portions,
and at least some silicon atoms from opposing base
silicon portions being chemically bound together with
the chemical bonds traversing the at least one oxygen
monolayer therebetween;

forming a high-K dielectric layer having a dielectric con-

stant of greater than about five adjacent the superlattice;
and

forming an electrode layer adjacent the dielectric layer and

opposite the superlattice.

17. The method of claim 16 wherein the high-K dielectric
layer has a dielectric constant of greater than about twenty.

18. The method of claim 16 wherein the at least one non-
semiconductor monolayer constrained within the crystal lat-
tice of adjacent base semiconductor portions 1s less than
about five monolayers to thereby function as an energy band-
moditying layer.

19. The method of claim 16 further comprising forming a
channel region underlying the superlattice.

20. The method of claim 19 further comprising forming
source and drain regions adjacent the channel region.

21. The method of claim 16 wherein the high-K dielectric
layer comprises at least one of silicon oxide, zirconium oxide,
and hainium oxide.
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